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Abstract
Spectral dependencies of optical reflection and absorption coefficients in lead sulfide implanted with oxygen ions and annealed
in vacuum have been investigated at T = 300 K. It was found that the average value of hole concentration within the sample space
area where properties were modified by ion implantation and vacuum annealing was equal to (3.25 ± 0.30) × 1018 cm–3. The
depth of the space in question was estimated and its quantity was shown to make the tenths of micrometers. It was demonstrated
that because of annealing process oxygen ions occupied places in the chalcogen sublattice healing anion vacancies. It was also
found that vacuum annealing of lead sulfide with implanted oxygen did not cause elimination of all anion vacancies. Moreover, the
concentration of sulfur vacancies increased considerably in comparison with its value in the initial samples non-subjected to ion
implantation. This fact testifies that oxygen in lead sulfide possesses acceptor action which is compensated by chalcogen vacancies.
It was established that in the lead sulfide, the only quasi-local energy level, being located in the valence band at the energy distance
of 0.16 eV from its top, was connected with oxygen impurity. No other energy level which one could connect with oxygen or
with the complexes containing oxygen in lead sulfide was revealed. The storage stability of properties of investigated material was
demonstrated.
Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Lead sulfide (PbS) is widely used in optoelectron-
ics for fabricating infrared radiation sources and de-
tectors. PbS-based light-sensitive cells are, as a rule,
n-PbS polycrystalline layers grown on glass substrates
and annealed in an oxygen-containing environment at
500–550°C. Layer annealing is accompanied by a con-
ductivity inversion from n- to p-type in near-surface
crystalline layers and an occurrence of photosensitivityE-mail address: alnveis@mail.ru.
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2405-7223/Copyright © 2015, St. Petersburg Polytechnic University. Product
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
(Peer review under responsibility of St. Petersburg Polytechnic University).(see Refs. [1–4] and their respective citations). Even
though objects of this type have been studied for more
than half a century, the role of oxygen in photoconduc-
tivity formation, and its energy spectrum in lead sulfide
remain as yet unexplained. This is primarily caused by
the complex morphology of oxygen-annealed polycrys-
talline layers that complicates investigating their prop-
erties as well as interpreting the obtained data.
An alternate method of oxygen doping for modify-
ing the properties of lead chalcogenides (and PbS in
particular) is currently used besides annealing in an
oxygen-containing environment. It is the method of ion
implantation combined with post-implantation vacuumion and hosting by Elsevier B.V. This is an open access article under
0/).
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is also accompanied by a conductivity inversion from
n- to p-type in near-surface layers of oxygen-implanted
films and an occurrence of photosensitivity. It appears
that ion implantation may be successfully used as a
tool of studying the energy spectrum of oxygen in lead
chalcogenides. This problem was solved for lead tel-
luride (PbTe) and lead selenide (PbSe) in Refs. [6,7].
These works also demonstrate that in these materials,
oxygen forms a single energy level located deep in the
valence band and higher than the anion vacancy level.
No other energy level that could be connected to oxy-
gen, or oxygen-containing complexes, was found either
in PbTe, or in PbSe.
The authors of Ref. [6] also attempted to obtain ex-
perimental data on the properties of oxygen-implanted
and vacuum-annealed lead sulfide. They demonstrated
that the average hole concentration, 〈p〉, in PbS : O+
within the region whose properties had been modi-
fied by means of ion implantation and annealing was
(4.0 ± 0.6) × 1018 cm–3, while the oxygen energy level
EO was located deep in the valence band in 0.16 eV from
its upper edge (from here onward oxygen ion-implanted
and vacuum-annealed samples will be denoted shortly
as n-PbS : O+ or p-PbS : O+ with the first letter indi-
cating the conductivity type in the initial non-implanted
sample).
These studies have not been concluded and were re-
sumed only 15 years later. They set a number of goals,
with the foremost being determining the stability of
PbS : O+ properties over time. For this purpose a repeat
study of optical reflectivity (R) spectra in ion-implanted
samples was necessary. In case PbS : O+ properties
were indeed proved to be stable, a detailed study of op-
tical absorption spectra α in PbS : O+ would be worth
carrying out to estimate the main parameters of the ion-
implanted region, in particular its thickness d∗.
Hereinafter the following notations for the thickness
of the examined samples will be used for convenience:
dst for an original sample with p-type conductivity, dp
and dn for ion-implanted and annealed samples with p-
and n-type conductivity, respectively.
2. Experimental procedure
2.1. Preparing the samples for examination
The procedure of preparing the samples was briefly
described in Ref. [6]. We provide a more detailed de-
scription below.
The objects of this study were monocrystalline lead
sulfide samples grown using the Bridgman–Stockbargermethod and slow cooling from the melt and subjected
to homogenized annealing in vacuumed quartz reser-
voir tubes for a 100 h at 600°C. The monocrystals
were doped by either intrinsic crystal lattice defects or a
sodium impurity and super-stoichiometric lead (Pbex).
Free carrier concentrations in studied samples were
determined using the Hall method at 78 K. Since consid-
erably large inhomogeneities in the spatial distribution
of free carriers are typical for lead sulfide monocrystals,
only samples with layer concentrations of free carriers
with no more than 3–5% deviation from the Hall val-
ues, as determined by optical reflectivity measurements,
were chosen for the experiment.
Optical surfaces necessary for examining the reflec-
tivity coefficient spectra were created by mechanically
grinding and polishing the samples using the procedure
detailed in Ref. [8]. These sample surfaces served as ba-
sic and had no further mechanical treatment. These were
the surfaces implanted with oxygen using the Vesuvius-
1 setup (ion energy was 150 keV, ion-current density
was 0.2 µA/cm2, the dose of implanted oxygen ions was
3000 µC/cm2, which is equivalent to an oxygen surface
concentration N0 = 1.87 × 1016 cm–2). The doping pro-
cess was completed by annealing the implanted sam-
ples in quartz reservoir tubes (vacuumed to a pressure
of 0.13 Pa) for 2 h at 300°C.
Thin samples necessary for recording optical absorp-
tion spectra were prepared through grinding their re-
verse (non-implanted) sides and subsequently making
optical surfaces of them according to the procedure de-
scribed in Ref. [8].
2.2. Measurement procedure
The reflectivity (R) and the transparency (T) coeffi-
cients for all samples were measured point by point at
room temperature. The number of spectral passes var-
ied from 20 to 30 for R measurements and from 100 to
180 for the T ones. The obtained values of Ri and Ti for
each fixed wavelength λi were averaged. The scatter of
isolated points in the reflectivity coefficient spectra was
no more than 1–2%, and that in the transparency coeffi-
cient spectra was an order of magnitude less. The R(λ)
and T(λ) dependencies obtained in such a manner were
smoothed and used to calculate the absorption coeffi-
cient by the formula:
α = (1/d)ln (1 − R)
2 + [(1 − R)4 + 2R2T 2]1/2
2T
. (1)
The thickness d of the studied samples was measured
using a MP-4 microinterferometer with a reliability of
s = 0.90.
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Fig. 1. Experimental (сircles) and calculated (line) values of effective
conductivity mass mR vs. the Hall concentration of holes in p-PbS at
T = 300 K. The calculation according to the Kane model was carried
out at a density-of-state effective mass value of 0.27 m0 in the valence
band top.3. Experimental results on light reflection and their
discussion
Studying the optical reflectivity spectra of the sam-
ples allows to determine the average hole concentration
value 〈p〉 of the ion-implanted region by comparing the
data obtained from initial and implanted samples. The
first experiment described in Ref. [6] demonstrated that
as a result of oxygen ion implantation of samples with
subsequent vacuum annealing, the R(λ) spectra trans-
formed in different ways. For samples with a low hole
concentration in the initial state (pst) the plasma minima
λmin in the R(λ) spectra shifted toward the short-wave
region of the spectrum, and for ones with high pst val-
ues the shift was toward the long-wave one. This means
that the hole concentration increases after ion implan-
tation and annealing in samples of the first group and
decreases in samples of the second group. This observa-
tion of the R(λ) spectra allowed the authors of Ref. [6] to
postulate that the 〈p〉 value matched the pst hole concen-
tration in those initial samples whose plasma minima
did not shift along the energy scale as a result of ion im-
plantation and annealing, and to estimate that value as
(4.0 ± 0.6) × 1018 cm–3.
The present study repeated the examination of the
R(λ) spectra of all ion-implanted samples, and of some
of the initial samples (reverse non-implanted surfaces
of massive p-PbS : O+ crystals were used as initial
objects). These examinations allowed to establish that
no perceptible changes beyond the experimental error
of ±(0.1–0.2) µm occurred in the plasma minimums
of all studied samples after 15 years of being kept at
room temperature. The data obtained at R(λ) spectra
registration were supplemented by the thermal EMF
coefficient study in thin n-PbS : O+ crystals (the
coefficient was measured by a microprobe). The data
analysis demonstrated that conductivity inversion from
n- to p-type does indeed occur in samples as a result
of ion implantation and vacuum annealing. This means
that the PbS : O+ electrical properties are sufficiently
stable with time.
To obtain a more accurate 〈p〉 estimate than that in
Ref. [6], the hole concentration in the initial (pst) and
ion-implanted (pfin) samples was calculated for the fre-
quency ωp of plasma oscillations of free carriers using
the formula
ωp =
(
4π pe2
mRε∞
)1/2
. (2)
Here p is the hole concentration, mR is an effective con-
ductivity mass, and ε is a high-frequency dielectricpermittivity. The values of mR necessary for calculating
p were determined earlier and are shown in Fig. 1.
Indeed, in contrast with the results given in Ref. [6],
where finding pst and pfin was based on the earlier ob-
tained λmin(p) dependence, which is to say a single point
was used in the R(λ) spectra of each of the examined
samples, while in the present study, ωp was obtained
by calculating the R(λ) spectra using the method sug-
gested in Ref. [9]. At the same time we took into account
the PbS crystalline lattice contribution to the dielectric
function calculated using the data of Ref. [10].
It should be noted that for most of the ion-implanted
and vacuum-annealed samples the hole concentration
pfin, calculated using (2) does not match the 〈p〉 value, as
the light penetration depth into the sample dlight, which
can be estimated from the αdlight = 1 condition, and is
found to be equal to about 2–3 µm and which is known
to exceed the depth of the d∗ layer whose properties
have been modified during ion implantation and anneal-
ing. This is why we should analyze not the actual pfin
and pst values (nst for the case when an electron-type
conductivity sample is used as an initial one) but their
difference p = pfin - pst or their sum p = pfin + nst
(nst is the electron concentration in the initial sample).
The results of the analysis are shown in Fig. 2. Evi-
dently, the p = 0 condition is fulfilled in lead sulfide
for a hole concentration in the initial sample equal to
(3.25 ± 0.30) × 1018 сm–3.
Optical mobilities uopt (at frequencies comparable
to ωp) were also found through calculation of the R(λ)
spectra. The most interesting data were obtained for
p-PbS, wherein
pst = (3.5 ± 0.4) × 1018 cm−−3 ≈ 〈p〉 .
It turned out that for the implanted surface of a massive
sample
uopt = (405 ± 20) cm2/V s,
4 A.N. Veis / St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 1–8
-2 0 2 4 6 8 10 12
-2
0
2
4Δp, 
1018 cm–3
pst, 
1018 cm–3
nst, 
1018 cm–3
Fig. 2. Plots of the free carrier concentration difference p vs. carrier
concentration pst and nst in the initial PbS samples.and for the reverse, non-implanted one
uopt = (430 ± 40) cm2/V s.
Therefore, in terms of dlight > d∗, we can as-
sume that the process of ion-doping the lead sulfide
with oxygen with subsequent sample annealing does
not lead to a fatal decrease in its free hole mobil-
ity that could prevent the material from being used in
optoelectronics.102
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Fig. 3. Experimental (markers) and calculated (lines) absorption coefficie
T = 300 K, sample parameters are listed in the Table 1. 1, 2—p-PbS : Na, Pbe
and annealed n-PbS sample, 4—linear extrapolation of the free-hole absorpti
of the α2, α3, α	L components of additional absorption in p-PbS : O+ calcul4. Experimental results of light absorption and
their discussion
Findings of the studied samples to have yielded the
most informative results are listed in the table, and their
optical absorption spectra are shown in Fig. 3a.
The α(hν) dependences depicted are characterized
by numerous additional absorption bands related to op-
tical electron transitions to local, quasilocal, and band
states. Most of them can be identified by comparing the
experimental results (Fig. 3а) within the obtained data
set, and to the results given in Refs. [11–14].
The identification is possible as it is experimentally
and theoretically proven that all impurity centers in lead
chalcogenides are deep [14,15]. Therefore the position
of the energy levels they form is determined by the non-
Coulomb core part of the impurity potential that is indi-
vidual for each center. The analysis carried out showed
that the α1 band with a sharp long-wave (red) limit
was connected to the complexes whose energy level Ec
was located in the lower half of the forbidden band
(see Fig. 4 for p-PbS:Na, Pbex energy schemes cor-
responding to the experimental data obtained in this
study), while the dome-like structure of α3 was con-
nected to sulfur vacancies forming a quasilocal Ev level0.05                     0.10                  0.30              hv, eV
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nt α(a) and additional absorption αadd (b) spectra of lead sulfide;
x samples, initial, implanted and annealed, respectively, 3—implanted
on in the initial p-PbS : Na, Pbex sample; 5–7—spectral dependences
ated using (4) and (5).
A.N. Veis / St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 1–8 5
(a) (b)
k
Ec
Ev
L6
+
Σ5
µ
k
EO
Ev
L6
+
Σ5
µ
Fig. 4. The energy scheme of the p-PbS : Na, Pbex semiconductor, be-
fore (a) and after (b) ion implantation of oxygen and vacuum anneal-
ing. Dashed arrows indicate the optical electron transitions observed
in the object.located deep in the valence band, and the α	L compo-
nents of the α(hν) spectra were connected to optical
electron transitions between the 	5 and L6+ nonequiv-
alent extrema of the valence band.
Only the α2 bands connected to the optical electron
transitions from the EO quasilocal states, located deep
in the valence band, to spreading states near its upper
edge do not have any analogies in literature. It should
be noted that these bands are present only in the α(hν)
spectra of the oxygen-implanted and vacuum-annealed
samples; that is why the α2 bands should be attributed
to oxygen.
The results of a qualitative analysis of optical spec-
tra were confirmed by the data obtained through cal-
culating the additional absorption frequency depen-
dences αadd(hν) in studied samples. For this purpose the
αadd(hν) spectra were separated from the α(hν) exper-
imental curves by subtracting the αfc absorption of the
free charge carriers extrapolated into the shortwave re-
gion based on the αfc  (hν)–n law. The experimental
data α(hν) are presented in Fig. 3a as a log–log plot, the
dependences being straight lines with –n slopes.
This is what allows to linearly extrapolate the free
carrier absorption using the experimental dots from the
long-wave region of the α(hν) spectra. Line 4 in Fig. 3a
is an example of such an extrapolation. Note that the
n slope values varied within the spread in data for
all samples. Some of the data obtained are shown as
markers in Fig. 3b.
The calculation of the individual optical absorption
spectra components was made using the formulae
α1 = A(hν)−3
√
hν − Eoptc , (3)
α2(3) = B
∫ ∞
0
E1/2
[
exp
(
E − μ
kT
)
+ 1
]
× exp
[
−hν − E
opt
v(O) + E
2
2v(O)
]
dE, (4)α	L = C(hν)−1
∫ ∞
u
E1/2(E + hν − Ev)1/2 f (E )dE,
(5)
from Refs. [13,16,17]. In formulae (3)–(5) Eoptc and
Eoptv(O) are optical ionization energies of centers associ-
ated with complexes and sulfur vacancies (an oxygen
impurity), respectively; 
v(O) is an energy width of the
corresponding quasilocal bands; Ev is an energy gap
between nonequivalent valence band extrema; μ is the
hole chemical potential; f(E) is the Femi function; A, B
and C are proportion coefficients whose values are cho-
sen when adjusting the calculation results to the experi-
mental data.
The results of calculating the individual ad-
ditional absorption components in an implanted
and vacuum-annealed p-PbS:Na, Pbex sample
(pst = (3.5 ± 0.4) × 1018 cm–3, dp = (5.20 ± 0.48) µm)
are shown in Fig. 3b by the 5–7 curves (in absolute
units), and the sums of individual components in each
of the studied samples are shown by the 1–3 curves
of the same figure. The good agreement between the
experimental αadd(hν) dependences and the calculated
curves allowed to determine the energy parameters of
the local and quasi-local states found in PbS. These
data are listed in Table 1.
The most interesting results from Table 1 are the data
for sulfur vacancies (Eoptv ) and the intersubband elec-
tron transitions in the valence band (Ev) obtained in
p-PbS : O+ and n-PbS : O+. The fundamental differ-
ence between these samples is that in the first case, the
entire bulk of a single crystal exhibits p-type conductiv-
ity, while in the second case, such a type only extends to
a region of d∗ width whose properties have been modi-
fied through ion implantation and annealing.
Nevertheless, the specified energy parameters of
these samples are close to the data obtained from the
initial p-PbS sample (see Table 1). Notice that the
initial sample is also p-conductive, so the Eoptv and
Ev parameters in the initial and the oxygen-implanted
p-PbS : Na, Pbex (shown in Table 1) are unsurprisingly
close in value. We can assume that dp < d∗, therefore the
contribution of the region with d∗ width whose proper-
ties have been modified through ion implantation and
annealing may not be great. In contrast, the proximity
of the Eoptv and E values in n-PbS : O+ and in the ini-
tial p-PbS is of crucial importance. This gives us reason
to suppose that the oxygen volume concentration N0/d∗
in the region of n-PbS : O+ whose properties have been
modified through ion implantation and annealing must
not be too high.
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Table 1
Findings of key parameters of samples studied.
Parameter value
Parameter Unit Initial p-PbS p-PbS : O+ n-PbS : O+ s
pst, nst 1018 cm–3 3.5 ± 0.4 3.5 ± 0.4 0.75 ± 0.25 0.90
pfin 1018 cm–3 – 3.2 ± 0.1 1.8 ± 0.3 0.90
d µm 6.95 ± 0.06 5.20 ± 0.48 15.1 ± 1.6 0.90
EoptO eV – 0.160 ± 0.007 0.165 ± 0.023 0.95


opt
O eV – 0.012 ± 0.003 0.009 ± 0.002 0.95
Eoptv eV 0.238 ± 0.007 0.231 ± 0.009 0.228 ± 0.007 0.95


opt
v eV 0.027 ± 0.006 0.028 ± 0.005 0.023 ± 0.011 0.95
Sv cm–1 eV 35.5 ± 4.3 53.2 ± 7.6 15.3 ± 1.2 0.90
Ev eV 0.269 ± 0.012 0.260 ± 0.007 0.258 ± 0.006 0.95
αmax	L cm
–1 754 ± 38 919 ± 32 105 ± 20 0.90
Eoptc eV 0.069 ± 0.001 – – 0.95
Eg eV 0.42 ± 0.01 0.43 ± 0,01 – 0.67
The parameter symbols are given in the text; s is the reliability of the parameter found. The Eg values were
determined from straight-line cut-offs α2(hν) on the abscissa.
d s
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Fig. 5. Cross-sections of the studied samples: the initial p-PbS : Na,
Pbex, dst = 6.95 ± 0.06 µm (a); the same sample, ion-implanted and
vacuum-annealed, dp = 5.20 ± 0.48 µm (b); an ion-implanted and
vacuum-annealed n-PbS, dn = 15.1 ± 1.6 µm (c) (see Table 1).Otherwise the p-conductive region in n-PbS : O+
should have been regarded as a solid PbS–PbO solution
with one of its components, namely, PbO, having a wide
energy band gap (according to the data of Ref. [18], the
Eg value in PbO is about 2–3 eV). In this case we could
have observed a marked decrease in the Eoptv and Ev
values in n-PbS : O+, compared to their values in the
initial p-PbS, due to the widening of the band gap in a
solid solution.
This, however, does not take place. An insignificant
decrease in the Eoptv and Ev values in n-PbS : O+ com-
pared to the data for the initial sample is within the mar-
gin of experimental error and could be regarded merely
as a tendency in value decrease of the energy parameters
discussed when passing from p-PbS to n-PbS : O+.
This, in turn, allows us to assume that the volume
concentration of oxygen in n-PbS : O+ must not be
higher than 0.5 at. %, or 1 × 1020 cm–3. On one hand,
this could be a consequence of the dispersion of the ma-
trix material, and hence of the oxygen implanted into it
during ion doping. This phenomenon is discussed in de-
tail in [19,20]. On the other hand, the low N0/d∗ values
could be caused by the relatively high d∗ values.
The d∗ value can be obtained by comparing the in-
tersubband absorption amplitudes αmax	L in the initial and
the ion-doped lead sulfide (values listed in Table 1).
It should be taken into account that intersubband elec-
tron transitions in the lead chalcogenide valence band
are a three-particle process where a third particle, i.e.
a phonon or a lattice defect, ensures the quasi-impulse
conservation.
This means that the α	L intersubband coefficients
must depend not only on the Hall concentration ofholes, but on the number of phonons and crystal lat-
tice defects as well. It also follows from the above
that the α	L values could be different for all three
samples listed in Table 1. This makes it impossible
to determine the d∗ value precisely. A rough estimate
of d∗ can be obtained only if we assume the imper-
fection and the size of regions whose properties have
been modified through ion doping are the same for
p-PbS : O+ and n-PbS : O+, while the electrophysi-
cal parameters of these regions are homogeneous within
their bulk.
Cross-sections of the studied samples explaining the
assumptions made are shown in Fig. 5.
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timated using the following simple formula:
d∗ = dp
(
αmaxst − αmaxp
)+ dnαmaxn
αmaxst
, (6)
where αmaxst , αmaxp and αmaxn are the α	L band ampli-
tudes in the initial p-PbS, p-PbS : O+ and n-PbS : O+,
respectively.
In accordance with the results of Ref. [21], the error
of the d∗ parameter (derived from formula (6)) can be
estimated using
(d∗)2 = (dp)2
[
1 +
(
αmaxp
αmaxst
)2]
+ (dp)2
[(
αmaxp
αmaxst
)2
+
(
αmaxp
)2
(
αmaxst
)4 (αmaxst )2
]
+
(
αmaxn
αmaxst
)2
(dn)2 + (dn)2
[(
αmaxn
αmaxst
)2
+
(
αmaxn
)2
(
αmaxst
)4 (αmaxst )2
]
. (7)
The calculations showed that for studied samples
d∗ = (0.96 ± 0.62) µm with a reliability of 0.90. This
proves that the not only sample scattering during ion
implantation but also the significant depth of the oxy-
gen penetration into the material may contribute to a
decrease in the volume concentration of oxygen in an
ion-doped lead sulfide.
Let us further discuss the experimental data in
Fig. 3а. Comparing these data allows to identify the
marked differences in the optical absorption spectra of
the initial and the ion-implanted lead sulfides, thus pro-
viding insight into the mechanism of the doping effect
of oxygen in PbS. Firstly, as a result of ion implantation
and annealing, a new quasilocal level EO, located deep
in the valence band, appears in the energy spectrum of
lead sulfide that may be bound to oxygen.
No other energy level that could be attributed to ei-
ther oxygen or to oxygen-containing complexes was
found in the energy spectrum of PbS. Moreover, as a
result of ion-implanting of the oxygen impurity and
the post-implantation annealing of the samples, centers
forming the Ec energy level in the band gap of the orig-
inal p-PbS : Na, Pbex were destroyed, which the authors
of Refs. [11–13] attribute to complexes composed of an
acceptor impurity atom (Na or Tl) and a chalcogen va-
cancy. The elimination of these energy levels as a result
of ion doping and annealing of lead sulfide indicates that
oxygen atoms occupy positions in the chalcogen sub-lattice, thus ‘healing’ the anion vacancies. This, how-
ever, does not lead to the elimination of sulfur vacancies
in annealed p-PbS : Na, Pbex doped with oxygen ions.
What is more, their number grows, as evidenced by the
increase in integral cross-sections of the sulfur vacancy
absorption: [formula (8)], transferring from p-PbS to
p-PbS:O+ (A is proportional coefficient)
Sv = A
∫ ∞
0
αv(hν)d(hν), (8)
This unambiguously proves that oxygen in lead sul-
fide possesses an acceptor effect compensated by anion
vacancies.
5. Summary
The study conducted proved that the properties of
oxygen-implanted and vacuum-annealed lead sulfide
are sufficiently stable with time. It was demonstrated
that oxygen in lead sulfide exhibits acceptor qualities
and forms a single energy level located deep in the va-
lence band. It was found that the acceptor effect of oxy-
gen in ion-doped and vacuum-annealed lead sulfide is
compensated by sulfur vacancies.
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